The generation of natural regulatory T cells (nTregs) is crucial for the establishment of immunological self-tolerance and the prevention of autoimmunity. Still, the origin of nTregs and the mechanisms governing their differentiation within the thymus are poorly understood, particularly in humans. It was recently shown that conventional dendritic cells (cDCs) in human thymus were capable of inducing nTreg differentiation. However, the function of plasmacytoid DCs (pDCs), the other major subset of thymic DCs, remains unknown. Here we report that pDCs resident in the human thymus, when activated with 
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ABSTRACT
The generation of natural regulatory T cells (nTregs) is crucial for the establishment of immunological self-tolerance and the prevention of autoimmunity. Still, the origin of nTregs and the mechanisms governing their differentiation within the thymus are poorly understood, particularly in humans. It was recently shown that conventional dendritic cells (cDCs) in human thymus were capable of inducing nTreg differentiation. However, the function of plasmacytoid DCs (pDCs), the other major subset of thymic DCs, remains unknown. Here we report that pDCs resident in the human thymus, when activated with For personal use only. on . by guest www.bloodjournal.org From
INTRODUCTION
Dendritic cells (DCs) are highly-specialized APCs that are crucial in the regulation of innate and adaptive immunity. DCs respond to danger signals by antigen uptake, maturation, and induction of antigen-specific immune responses in secondary lymphoid organs 1, 2 . In addition, tissue DCs are able to present antigen in a tolerogenic fashion, leading to anergy or deletion of potentially self-reactive T cells, or inducing the generation of regulatory T cells (Tregs) [3] [4] [5] [6] . Tregs play a key role in the control of immune homeostasis and immunological tolerance and are crucial to protect against fatal autoimmunity throughout life. Tregs also regulate or suppress other classes of immune responses such as allograft rejection, allergy, tumor immunity and responses to microbes 7, 8 . Thus, there is great interest in understanding how do Tregs develop.
During thymopoiesis, nearly all positively-selected CD4 + CD8 + double positive (DP) thymocytes carrying high-affinity T-cell receptors (TCRs) for self-peptide-MHC complexes are eliminated by a mechanism of clonal deletion that ensures central tolerance 6 .
Self-reactive thymocytes that escape clonal deletion undergo an alternative process of nondeletional tolerance that involves their positive selection and further differentiation into immunosuppressive CD4 + T cells, termed natural Tregs (nTregs) [8] [9] [10] [11] . In addition, Tregs can be induced in the periphery (iTregs) from CD4 + T lymphocytes 4 . Generation of thymic nTregs critically involves the interleukin-2 receptor-α chain (CD25), the transcription factor Foxp3 and the co-stimulatory molecule CD28 [12] [13] [14] , as genetic defects in these molecules impair nTreg generation, leading to systemic autoimmunity [15] [16] [17] .
Despite the crucial function of nTregs, the exact nature of the nTreg progenitors and the mechanisms by which self-reactive thymocytes are diverted into the Treg lineage remain unclear. Several studies in mice suggest that thymic epithelial cells (TECs) regulate
For personal use only. on . by guest www.bloodjournal.org From 4 positive selection of nTreg progenitors with TCRs recognizing self antigens with moderateto-high avidity below the threshold of negative selection 9, 11, 18 . DCs can also function as efficient tolerogenic APCs in the mouse thymus 19 . In humans, Liu and coworkers 20 [24] [25] [26] . Therefore, the contribution of thymic pDCs to the development of nTregs remains to be determined in both mouse and man. In addition, it is important to establish the cellular origin of nTreg progenitors and the nature of signals involved in their development.
The present work was aimed at investigating the possible tolerogenic function of human thymic pDCs, the molecular mechanisms underlying the generation of human nTregs and the identity of the physiological progenitors of nTregs in the human thymus.
Our results provide evidence that pDCs resident in the human thymus are efficient assessed by flow cytometry using FITC-conjugated anti-CD86 and PE-Cy5-conjugated anti-CD80 mAbs (BD Biosciences). analysed by two-colour flow cytometry using anti-CD123 and anti-CD86 mAbs.
Isolation of thymocytes and peripheral T lymphocytes.
Semiquantitative RT-PCR.
Total RNA was isolated using TRIzol (Invitrogen) from sorted S-DP CD69 lo , L-DP CD69 hi and L-DP CD69 lo thymocytes obtained from the very same thymus sample. cDNA was generated by using oligo-d(T) primers and Expand Reverse Transcriptase (Roche). Serially diluted cDNA samples were amplified by PCR using specific CD40L primers, as described 30 . Amplified products were subjected to agarose electrophoresis and visualized by ethidium bromide. β-actin amplification was included as control of cDNA loading .
Immunohistochemistry.
Frozen thymic sections were fixed on acetone, incubated with goat serum and avidin/biotin blocking kit (Vector Laboratories) and labelled using anti-human CD123 (BioLegend), and 
Statistics.
Statistical significance was determined with the two-tailed Student's t test, with the α level set at 0.05. To assess whether thymic immature pDCs, like their cDC counterparts 20 , could become activated in response to TSLP, both cell subsets were independently isolated based on their reciprocal CD123 + /CD13 + expression (96.56 ± 1.6% and 97.96% ± 0.9% purity, respectively; n=4; Figure 1A ), and their activation profile was then analysed upon culture with rhTSLP. As shown in Figure 1C , absolute pDC numbers decreased up to 4-fold (4.34 ± 1.45; n=3) after 24h of culture, as compared to TSLP-treated cDCs, and induction of pDC maturation was very inefficient, as indicated by the low numbers of cells that upregulated CD80 and CD86 ( Figure 1D ). In contrast, no pDC decrease was found under conventional pDC activating conditions 32 with CD40L plus IL-3 ( Figure 1C ) and upregulation of CD80 and CD86 activation markers was induced to levels similar to those of TSLP-activated cDCs (57.6 ± 7.0% CD86 + and 64.8 ± 10.4% CD80 + vs 83.8 ± 3.1% CD86 + and 52.4 ± 13.1% CD80 + , respectively; n=3; Figure 1D ). Notably, acquisition of such a pDC mature phenotype paralleled the formation of characteristic cell aggregates and the appearance of a distinctive mature DC morphology with long dendrites ( Figure 1E ).
Therefore, pDCs resident in the human thymus, in contrast to cDCs, are unresponsive to TSLP, but mature in response to CD40L plus IL3.
Tolerogenic potential of human thymic pDCs
To investigate whether human thymic pDCs could serve a tolerogenic role, primary immature pDCs and mature pDCs derived from them upon 24h of culture with CD40L plus IL-3 (hereafter referred to as IpDCs and MpDCs, respectively) were analysed using the allogeneic assay previously used to characterize tolerogenic cDCs 20 . IpDCs or MpDCs were co-cultured with either CD4 17 . In this scenario, nTreg progenitor frequencies would be expected to be extremely low at the CD4SP stage, but higher immediately upstream of negative selection, likely at the stage of CD4 + CD8 + DP TCRαβ+ thymocytes, as suggested in mice 33 . To test this hypothesis, we analysed the nTreg potential of either activated (positively-selected) or non-activated (non-selected) DP thymocytes, isolated by Percoll density gradients and cell sorting 28 . Two distinct DP populations were Percoll-isolated;
namely, large-and small-sized DP thymocytes (L-DP and S-DP, respectively, >95% Figure S2) Figure S2A ).
Based on these results, we used CD69 expression levels as a criterion to further isolate positively-selected thymocytes from the L-DP subset. Accordingly, L-DP thymocytes were enriched in CD69 hi selected cells (referred to as L-DP CD69 hi , 62.1 ± 7.3% CD69 hi within TCRαβ + cells, n=4) by magnetic sorting; whereas S-DP thymocytes, which were mostly devoid of CD69 hi cells (referred to as S-DP CD69 lo ; 6.4 ± 0.9% CD69 hi within TCRαβ + cells, n=4), remained non-fractionated ( Figure 3A , left). To compare the nTreg potential of positively-selected vs unselected DP thymocytes, L-DP CD69 hi and S-DP CD69 lo cells were co-cultured with CD40L plus IL-3-activated pDCs isolated from the same thymus, and their T-cell progeny was analysed after 7 days by flow cytometry ( Figure   3A , rigth). Primary L-DP CD69 hi thymocytes were basically devoid of CD25 + Foxp3 + cells, although they included a small CD25 − Foxp3 + subset (7.9 ± 2.3 %) whose relevance as uncommitted nTreg precursors remains unclear 35 ( Figure S2B ). However, after co-culture with activated pDCs, they gave rise to a significant production of CD25 Figures 5D; 5E ), while cell recovery of CD25 − cells was unafected ( Figure S6 ). Notably, both L-DP CD69 hi and L-DP CD69 lo thymocytes expressed the CD28 receptor of CD80/86 (98.9 ± 0.9% and 95.4 ± 3.9%, respectively), although at higher levels on the former (134.5 ± 4.5 vs 60.5 ± 19.9 MFI, respectively; Figure 5B ). Collectively, these data support a functional role of the CD28-CD80/CD86, but not of the ICOS-ICOSL, signalling pathway in the generation of human nTregs.
TCR-mediated up-regulation of CD40L on nTreg thymic progenitors induces the activation of autologous pDCs
Next, we ought to get some insights into the physiological mechanisms responsible for the generation of tolerogenic pDC and the production of nTregs in the human thymus in vivo.
To this end, we searched for putative intrathymic sources of CD40L production, and focussed on positively selected L-DP CD69 hi nTreg precursors. Although surface CD40L
was hardly detectable on those cells under steady-state conditions, analysis of CD40L exression at the transcriptional level showed that CD40L is in fact selectively transcribed in vivo in the human thymus in L-DP CD69 hi nTreg precursors ( Figures 6A; 6B ).
Accordingly, a fast (18-24h) CD40L up-regulation was consistently induced (9.7 ± 4.2%) upon cell activation with anti-CD3 and -CD28 mAbs plus IL-2 ( Figure 6B ), these data further supporting a selective expression of CD40L on positively-selected DP thymocytes.
More importantly, CD40L-expressing L-DP CD69 hi thymocytes induced a significant maturation of thymic pDCs supplemented with IL-3, while a discrete maturation was observed in response to either non-stimulated L-DP CD69 hi thymocytes or IL-3 alone ( Figure 6C ). Therefore, TCR engagement on L-DP CD69 hi nTreg precursors may lead to
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Plamacytoid DCs and natural Tregs colocalize within the human thymic medulla
To analyse whether crosstalk between pDCs and nTreg cell precursors could take place in vivo, we assessed the distribution of both cell types within the human postnatal thymus.
Immunohistochemistry and confocal microscopy of anti-pan-cytokeratin (Cytok) and Topro-3 labelled thymic sections allowed the identification of thymic cortex and medulla, as cytokeratin expression is lower in the former ( Figure 7A , upper panels). Figure 7D ). These results suggest that medullary pDCs could interact with developing thymocytes and control their differentiation into nTregs in the steady-state human thymus.
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DISCUSSION
In this study, we developed an autologous experimental system that provided important information on the cellular and molecular mechanisms underlying generation of nTregs in the human thymus. We show that thymic pDCs are efficient tolerogenic DCs, able to induce nTregs generation, and provide evidence that nTreg precursors specifically reside within the subset of positively-selected DP thymocytes expressing high CD69 and TCRαβ Besides pDCs, cDCs also induced nTregs from CD69 hi TCR hi DP, but not from were up-regulated in DP thymocytes which simultaneously down-regulated CD8, suggesting that nTreg differentiation occurred de novo.
The nature of thymic APCs that induce nTregs is still controversial. Some studies showed that Treg development involved TCR-mediated high-affinity selection on cortical Regarding the DC-derived signals required for nTreg priming, CD80 and CD86 coreceptors appear critical for the induction of both pDC-and cDC-primed nTregs, suggesting the participation of the CD28 pathway in humans, as shown in mice 13 . Besides CD80/86, ICOSL is up-regulated on both pDCs and cDCs upon maturation; although ICOSL expression is specific of pDCs in periphery, and selectively contributes to the generation of IL-10-producing Tregs 42 . The identification of ICOS + and ICOS -human
Tregs with a reciprocal pattern of IL-10 and TGFβ production 36 supports a specific role of the ICOS-ICOSL pathway in priming IL-10-producing Tregs. In our system, pDC-primed
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nTregs were also poised to IL-10 production and IL-10-dependent function, while cDCsinduced nTregs were better TGFβ producers. However, thymic pDCs and cDCs appear to control the functional dichotomy of nTreg cells in an ICOS-ICOSL-independent manner.
Thus, nTreg functional specialization could rely on the capacity of pDCs and cDCs to induce largely non-overlapping Treg repertoires, due to their distinct antigen-presenting abilities 43 .
Thymic pDCs and cDCs were found to become tolerogenic in response to distinct stimuli, suggesting that specific niches of mature DCs may be restricted to particular areas of the thymus. Indeed, cDCs are known to respond to TSLP locally produced by medullary TECs of Hassal's corpuscles 20 . However, IL-3 required for pDC survival is produced by all TECs 44 , although CD40L expression seems restricted to positively-selected thymocytes 45 , which could then selectively induce pDC maturation in the medulla. Accordingly, CD40L
transcription was confined in vivo to activated CD69 hi DP human thymocytes, which, however, displayed undetectable CD40L surface expression. In this regard, weak but functional CD40L levels could be expressed in vivo on a restricted CD69 hi DP subset, as the CD40-CD40L pathway may play a relevant role in nTreg development in the human thymus, as proposed in mouse 48 . Strengthening this possibility, defective CD40-CD40L signaling leads to autoimmunity in both humans and mice [46] [47] [48] . In this scenario, we propose that recognition of self-peptide-MHC complexes by high-affinity TCRs expressed on
positively-selected DP thymocytes may be the mechanism that triggers CD40L expression on nTreg progenitors and leads to feed-back maturation of thymic pDCs in vivo, thereby facilitating a functional cross-talk between pDCs and developing thymocytes resulting in terminal nTreg differentiation. Still, further in vivo studies are required to establish the physiological relevance of CD40-CD40L in such cross-talk. Our finding that a substantial fraction of pDCs in the steady-state human thymus display an activated phenotype, suggests that they may well be capable of inducing nTregs under physiological conditions. Nevertheless, the existence of "inducer" stromal cells other than pDCs cannot be excluded 38 . Histological evidence is provided of pDC-nTreg co-localization within the human thymic medulla, which may also support a functional interaction between the two cell types in vivo. However, Foxp3 upregulation during nTreg development takes more than two days. Therefore, limitations inherent to the one-point-in-time histological technique require dynamic analyses to clarify whether CD123/Foxp3 co-localization represent long-lasting interactions between "inducer" pDCs and nTreg progenitors still in contact. We believe this is likely considering that stable DC-T cell interactions can last for longer periods than initially thought, up to several days, and persistent Treg-DC contacts do actually precede the inhibition of autoimmune responses in nonobese diabetic mice 49 .
The functional role of peripheral pDCs in several physiopathological situations related to tolerance induction is well established 49, 50 . Still, understanding pDC function in the pathogenesis of human diseases has just begun. Therefore, understanding how thymic DCs, either resident or re-circulating through the blood 19 
